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Abstract- A nanostructured copper (II) oxide film deposited by reactive DC-magnetron sputtering 
technique, has been studied for static sensor response towards methanol and ethanol by operating 
temperature and analyte concentration modulations. The optimum operating temperature (Topt) for the 
sensing of methanol and ethanol is observed to be 350 ˚C and 400 ˚C, respectively. The maximum 
sensitivity observed for 2500 ppm methanol and ethanol is 29% and 15.4% respectively. Another 
important observation is that the sensitivity time reduces with analyte concentrations, where as 
recovery time increases. The response time of 2500 ppm methanol and ethanol is 235 s  and 247 s 
correspondingly.  
 
Index term: Copper (II) Oxide thin films, sputtering, gas sensing, response time and recovery time. 
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I. INTRODUCTION 
 
It is interesting to find the new materials and to study the material properties suitable for 
the various applications, as sometimes that will be a key to overcome many challenges and 
problems. During 1950s, Brattain et al. [1], Heiland [2] and Bielanski et al. [3] have initiated the 
research on gas sensing by observing the effect of ambient gas on the electrical conductivity of 
the materials. In 1962, further impetus to this was given by Seiyama et al. by discovering the 
change in the electrical conductivity of ZnO thin film by the presence of reactive gases in the air 
[4]. Since then, various types of sensing materials have been reported in the literature ranging 
from SnO2, ZnO, TiO2, WO3, In2O3 to CuO, Fe2O3, NiO, and Y2O3 [5]. Recently, CuO is used to 
enhance the gas sensor response of common metal oxides such as SnO2, ZnO, etc. [6−9]. The 
suitability of CuO as homogeneous sensing material is one of the ongoing research problem and 
in this paper we have tried to contribute in the same regard.  
Although generally CuO is p-type semiconducting material [5, 10, 11] due to copper 
vacancies [11], there has been reports of CuO being n-type semiconducting nature [5]. The p-
type semiconducting CuO responds differently compared to normal metal oxides such as ZnO, 
TiO2, SnO2 and WO3 which are n-type in nature. While observing the advantages of p-type 
oxides, the temperature dependence of conduction in high-temperature range is considerably less 
in the p-type oxides than that of n-types [5, 12]. Moreover, p-type oxides have tendency to 
exchange lattice oxygen easily with air [5, 13]. During lifetime of the sensor, this can be useful 
in maintaining stoichiometry of the oxides. These advantages in turn can be important to 
maintain log-term stability of the sensor and improve the lifetime of the sensor, if used tactfully. 
Considering disadvantages of p-type oxides, the most important is the mobility of their charge 
carriers which can affect the sensitivity, response and recovery time of the sensor. This 
disadvantage of p-type oxides can be overcome by varying the film morphology, electrode 
configuration and using suitable catalyst. The use of CuO as homogeneous sensing film for CO2 
sensing is first reported by Ishihara et al. [14]. As CO2 is one of the by-products during 
dehydrogenation of alcohols, CuO can be used as alcohol sensing material. In the case of CuO, 
the material resistance increases (instead of decreasing as in the case of n-type) during the 
sensing of alcohol.  
There have been reports of some interesting work based on this material, for example, 
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work reported by Wang et al. [10]. Although the work about CuO nanorods prepared by 
hydrothermal method is impressive, and shows very good response for ethanol sensing, the 
sensing is observed only at 300   C. Moreover, there is no plausible reason for using 300   C as 
operating temperature for the sensor. In addition to this, there are no detailed reports on methanol 
sensing using CuO thin films.  
In our present work, the detailed study is performed on the static sensing behavior of 
reactively-sputtered nanostructured CuO film for ethanol as well as methanol by modulations of 
operating temperatures and analyte concentrations. In addition to this, we are presenting the 
dependency of sensing response time as well as recovery time on the analyte concentration. In 
order to check the reproducibility and repeatability, all the observations are done for at least 3−5 
times, and results are plotted with error-bars. The preliminary work carried out by us in this 
regard has been reported elsewhere [15]. 
 
II. EXPERIMENTAL 
2.1. Deposition of the films 
The sensor is fabricated with nanostructured CuO as a sensing film, deposited over 1μm 
thick SiO2 coated Si substrate, using reactive DC-magnetron sputtering technique. Silver contact 
films on either end of the sensing film are deposited in order to get two-end electrode 
configuration. As the Ag electrodes are fabricated over the sensing films are 6 mm apart, the 
catalytic activities due to diffusion of Ag into CuO sensing material, can be neglected. In order to 
avoid the oxidization of Ag during the sensing, 10 nm gold film is used as protecting layer. Fig. 
1 shows the schematic diagram of the sensor. 
The sensor consists of dc-magnetron sputtered nanostructured CuO sensing film over 
comb-type silver electrode deposited over 1µm thick SiO2 coated Si substrate. The contact films 
on either end of the sensing film are deposited in order to get two-end electrode configuration. 
As the Ag electrodes are fabricated over the sensing films are 6 mm apart, the catalytic activities 
due to diffusion of Ag into CuO sensing material, can be neglected. Fig. 1 shows the schematic 
diagram of the sensor.  
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Figure 1. Schematic diagram of the sensor. 
The optimized sputtering process parameters for the deposition of Au, Ag and CuO films, 
using gold, silver and Oxygen Free High Conductive (OFHC) copper target materials, are given 
in Table 1. Pre-sputtering of these targets is done appropriately for some time, in order to remove 
the surface impurities. The thicknesses of the films are measured by the surface profilometer – 
Taylor Hobson - Form Talysurf Plus. 
Table 1: Optimized sputtering process parameters for the deposition of CuO, Ag and Au films. 
 
Sputtering 
Parameter 
Materials deposited 
CuO Ag Au 
Working distance (mm) 55 55 52 
Substrate Temperature (˚C) 375 Room Temp. Room Temp. 
Ultimate Vacuum (mbar) 1 x 10
-6
 3.7 x 10
-6
 8 x 10
-6
 
Argon-Oxygen Ratio 90:10 NA NA 
Working pressure (mbar) 3 x 10
-2
 3.5 x 10
-2
 8 x 10
-3
 
Current density (mA/cm
2
) 0.679 0.51 0.334 
Deposition rate (nm/minute) 5.67 18 50 
Film thickness (nm) 85 180 ≈10 
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2.2. Characterization of the film 
The crystal structure of the sensing sample is determined by X-ray diffraction (XRD) 
using Bruker D8 Advance X-ray diffractometer with Cu Kα radiation of wavelength 1.54 Ǻ. The 
XRD spectrum is recorded in the range, 2θ = 20°–50°. For the XPS analysis, SPECS GmbH 
spectrometer (Phoibos 100MCD Energy Analyzer) using MgKα radiation (1253.6 eV) and 
CASA XPS analysis software is used. The morphologies of the sensing film is investigated using 
FEI Quanta 200 Environmental scanning electron microscope (ESEM).  
2.3. Design of experimental set-up to study sensing behaviour and the sensing procedure 
The gas sensing measurements is done with the help of in-house designed testing set-up 
as shown in Fig. 2. The sensor sample is placed over a heater (accuracy ±1   C) located inside the 
chamber, and pressure-contacts are used for monitoring electrical behaviour.  
 
Figure 2. Schematic diagram of the in-house designed experimental set-up. 
The sensor is heated at 200   C and subsequently degased using rotary pump. After this, 
the sample is maintained at the operating temperature that needs to be tested and the zero-air (air 
with moisture ≤ 5 ppm) is admitted to the chamber in order to create atmospheric pressure. The 
volume for the corresponding ppm concentration of alcohols is calculated using the following 
equation [16]; 
C (ppm) = [10 C1V1dRT]/[P0VcM]      (1) 
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where C1 is concentration in the liquid analyte (wt. %), V1 is the injected volume of liquid (ml), 
d is the density of the analyte (gm/ml), R is the universal gas constant (l.atm / K.mol), T is the 
temperature (K), P0 is the pressure in the chamber (atm), Vc is the chamber volume (l) and M is 
the molecular weight (gm / mol), respectively.  
As some of the values in the equation-1 are constant, the concentration of analyte at room 
temperature (298 K) can be given as - 
C (ppm) = [C1V1d×244.66]/[P0VcM]      (2) 
V1 (mL) =  [P0VcMC]/[C1V1d×244.66]      (3) 
 For our case, the volume of the chamber, Vc = 1.35 liter and the pressure maintained in the 
chamber, P0 = 1 atm. 
The entire static-sensing studies carried out for both methanol and ethanol separately, 
consist of two parts. In the first part, the sensing behavior of the films are studied for the 
sensitivity of fixed concentrations of alcohols by temperature modulation to find the optimum 
sensing temperature (Topt), whereas in the second part, the alcohol sensitivity for different 
concentrations is studied at Topt. In the present work, the alcohol analytes are Methanol 
(AR.99.9%, Sisco Research Laboratories Pvt. Ltd., India) and ethanol (AR.99.9%, Changshu 
Yangyuan Chemicals, China). The details of these experimental results are discussed in the 
following section.    
 
III. RESULTS AND DISCUSSION 
 
3.1. Characterization of sensing film  
The XRD analysis is primarily used to confirm the sensing film material and to determine 
the structural orientation of sputtered-CuO film. Fig. 3 show XRD spectrum of annealed (550   C, 
2 h) as-deposited CuO sensing film. Although the background diffraction peaks of Si (100) 
substrate exist, three major diffraction peaks of CuxOy are observed. These observed peaks with 
2θ values of 28.1°, 35.6° and 47.7° corresponds to Cu16O14.15 (112), CuO (002/-111) and 
Cu16O14.15 (301) respectively. The CuO peak gives the highest intensity among them. Using 
Scherrer formula [17−18] grain size is calculated to be in the range of 52 nm.  
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Figure 3. X-ray diffraction spectrum of annealed (550 °C, 2 h) as-deposited CuO sensing film.  
The sensing film is analyzed using XPS in order to verify the stoichiometry of the film. 
Fig. 4(a)-(b) shows the spectra for copper and oxygen in CuO film. The peak for Cu (2P3/2) at 
binding energy of 933.88 eV showed the resemblance with the observation reported by Fleisch et 
al. [19] and Mclntyre et al. [20]. Also, O (1S) peak at binding energy of 529.99 eV shows the 
resemblance with the results of Hirokawa et al. [21].  
 
Figure 4. Core level XPS spectra of as-deposited CuO film (a) Cu 2p3/2 and (b) O1s. 
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The SEM image of the as-deposited CuO film is shown in Fig. 5. When the grain size 
during FESEM imaging is measured, the film consists of nanostructures with size distribution of 
40-65 nm. This size distribution can be attributed to high substrate temperature during the 
deposition of film. As small size of nanostructures increases surface area to volume ratio, the 
reactivity of the material increases, which in turn, will enhance the sensitivity of the sensing film. 
In addition to this, the grain boundaries between these nanostructures provide the resistance 
barrier for the charge carriers, hence increases the resistance of the film.  
 
Figure 5. FESEM image of the as-deposited CuO film. 
3.2. Response of sensing film for Methanol and Ethanol  
As discussed above, the sensing film is kept at 200 ˚C in a closed chamber and degased 
using rotary pump. In order to create atmospheric pressure inside the chamber the zero-air is 
admitted in the chamber. Consequently, it has been observed that since CuO is a p-type semi-
conducting material its resistance decreases and tends to be constant in approximately 3 minutes. 
The film resistance at that point of time is taken as initial/base resistance (Rair – resistance in the 
presence of air). Subsequently, when certain concentration of an methanol/ethanol is introduced 
in to the chamber, it is chemisorbed on the surface of the CuO film. Using pre-adsorbed oxygen 
atom, ethanol undergoes dehydrogenation in order to breakdown CO2 and H2. During this 
dehydrogenation, it releases electrons into the film thereby increasing the number of minority 
charge carriers and reducing majority charge carriers in the p-type semiconducting film. This in 
turn, increases the resistance of the sensing film. The change in the film resistance saturates at 
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some point of time (Rg – resistance after the admittance of gas/analyte) depends upon the factors 
such as operating temperature, sensing material, active sensing area, concentration of the analyte, 
contact electrode patterns, etc. The sensitivity was calculated using the expression given in the 
literature [22]:  
Sensitivity = [(Rgas – Rair)/Rair] × 100%   (4) 
One of the important things to consider here is the effect of operating temperature on the 
nanostructured sensing film. Once the sensor is tested at maximum operating temperature (450 
˚C) the film morphology tends to vary due to agglomeration. This leads to variation in the 
sensing response when measured again at lower temperature. In order to nullify the effect of 
varying operating temperature during the sensing, the film is annealed at 550   C (i.e. maximum 
operating temperature (450   C) + 100   C) for 2 h.  
3.2.1. Variation in the base resistance of the sensor as a function of operating temperature 
The sensing response is measured using the electrometer, at fixed bias voltage of 10 V. 
As shown in Fig. 6, the film base resistance measured during the ethanol (500 ppm) sensing at 
varying operating temperature is observed to be 227 KΩ at 100 ˚C and subsequently decreased to 
300 Ω at 500 ˚C. The base resistance measured during the methanol (500 ppm) sensing is almost 
equivalent to the base resistance values during ethanol sensing. 
 
Figure 6. Variation in the base resistance of the sensing film with operating temperature 
modulation. 
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3.2.2. Optimization of the operating temperature for methanol and ethanol sensing 
The sensitivity variation for methanol and ethanol with temperature modulation has been 
shown in fig. 7 (a) and (b). It may be noted that these temperatures 350 ˚C and 400 ˚C are the 
optimized operating temperatures (Topt) for methanol and ethanol respectively, where the 
sensitivity is the maximum. In order to confirm the repeatability of the results, the sensitivity is 
observed at different concentrations of 300-500-700 ppm for both the analytes for at least 3-5 
times. The maximum sensitivity for 700 ppm of methanol and ethanol (separately) is observed to 
be 17% and 8.3% respectively. In the case of two-end electrode configuration the possibility of 
detection of induced charge carrier is quite low and the chances of recombination are high due to 
large inter-electrode distance (6 mm in present case) and mobility of charge carriers in CuO. The 
results obtained in the case of methanol and ethanol sensing, further validates the results reported 
by Cordi et al. [23]. According to their observation, the dehydrogenation of CH3OH/C2H5OH 
results in the formation of H/H2O and CO/CO2. In our case, the formation of CO2 during the 
dehydrogenation indicates the complete breakdown of the ethanol. CO formed during this 
process may get converted into CO2 using one oxygen atom. This oxygen atom might be pre-
adsorbed over the sensing surface or can be from the CuO lattice. This results in partial reduction 
of CuO film into Cu+ film varying the stoichiometry of the film. The major advantage of 
methanol/ethanol sensing from 350–400  C is the oxidation of reduced sensing film which 
facilitates the easy recovery of the CuO sensing material [10, 24, 25]. This will help to maintain 
the stoichiometry. This will ultimately improve the reliability and shelf-life of the sensor. 
Moreover, sensing at very high temperature  has advantage of nullifying the moisture effect. 
The observed lower Topt in the case of methanol compared to ethanol is believed to be 
due to its higher vapor pressure and thus lower energy is required to undergo complete 
dehydrogenation. Fig. 7 – (c) and (d) shows the resistance change during methanol and ethanol 
sensing at their Topt, respectively.  During complete sensor testing procedure, the base resistance 
varies ≤1%. This indicates that the sensing process is reversible with steady base resistance 
value.   
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Figure 7. Sensitivity verses temperature graph of the CuO film for  (a) methanol and (b) ethanol, 
respectively. (c−d) Resistance change during methanol and ethanol at respective Topt. 
3.2.3. Sensitivity with varying analyte concentrations 
In order to study the sensor behavior by varying concentrations of methanol and ethanol, 
the sensitivity is further observed by concentration modulations (100 ppm to 2500 ppm) by 
maintaining their respective Topt (Fig. 8). The figure also contains in-set graph showing the 
magnified version of the variation of the sensitivity versus analyte concentrations (with step-size 
of 100 ppm) for the concentration range 100 – 900 ppm. Although the sensitivity is linear for 
lower concentrations (for 100 to 900 ppm), it indicates a tendency of sensitivity saturation at 
higher concentrations (2500 ppm). The maximum sensitivity observed for 2500 ppm of methanol 
and ethanol is 29% and 15.4% respectively, and the maximum error-bar size is 0.25% and 0.16% 
of full scale for methanol and ethanol. The possible reason for this behavior might be the 
fixed/limited availability of active sensing area. When the analyte concentrations are low (≤900 
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ppm), the proper sensing is possible as analyte molecules will form a monolayer over sensing 
film in order to be chemisorbed. This results into their complete chemisorption. On the contrary 
at higher concentrations (≈2500 ppm), the analyte molecules left-over after the monolayer 
formation will not reach the sensing film in order to be chemisorbed. Hence, the chemisorption 
rate is limited due to limited active sensing area which in turn affects the sensitivity. The similar 
trends have been observed during both the analytes. 
 
Figure 8. Sensitivity verses Methanol concentration and ethanol concentration at the operating 
temperature of 350 ˚C and 400 ˚C respectively. 
3.2.4. Response time and recovery time as a function of analyte concentrations 
In addition to the above, the other important observation is regarding the response time 
and recovery time of the sensing film. The response time is the duration by which the sensor 
response reaches to almost 90% of the saturation value, whereas the recovery time is the duration 
by which the sensor response reaches from 90% to almost 10% of the saturation value. The 
sensing response time and recovery time depends upon the operating temperature of the sensor, 
the analyte type and their concentrations. Fig. 9(a−b) shows the effect of analyte type and 
varying concentrations of analyte on the response time and recovery time at the optimum 
operating temperatures of the analytes (350 ˚C for methanol and 400 ˚C for ethanol).   
From fig.9(a), it is evident that the sensing response time depends on the type of analytes 
and the analyte concentration. The response time of 2500 ppm methanol and ethanol is 235 s and 
247 s correspondingly, and the maximum size of error-bar is of 18 s. The higher response time 
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for ethanol can be due to higher molecular weight of ethanol as compared to methanol, and 
hence, takes longer time to undergo dehydrogenation. In the case of varying concentration, the 
sensing response time is proportional to the analyte concentration, and tends to saturates at 
higher concentrations (≈2500 ppm). This can be attributed to the limited/fixed active sensing 
area compared to the analyte concentration, hence lower rate of chemisorption  or/and higher 
probability of inter-molecular collision of the analyte. 
 
Figure 9. Effect of analyte concentration modulation on sensing response time and recovery time 
(a) methanol and (b) ethanol. 
Fig.9(b) shows the dependency of recovery time on analyte concentration. The recovery 
time for both the analytes seems to be linear during lower concentrations (≤900 ppm) and tends 
to saturates at higher concentrations (≥1000 ppm). The recovery time for 100 ppm methanol and 
ethanol is 235 s and 244 s respectively, and the maximum error-bar size is found to be 12 s for 
2500 ppm of both the analytes. When the analyte concentrations are low (≤900 ppm), analyte 
molecules will form incomplete/complete monolayer over sensing film in order to be 
chemisorbed. Due to this chemisorption, the recovery time for the sensor increases linearly with 
lower concentration. On the contrary at higher concentrations (≈2500 ppm), the analyte 
molecules left-over after the complete monolayer formation will not reach the sensing film in 
order to be chemisorbed. Hence, the recovery time tends to saturates at higher concentration. The 
similar trends have been observed during both the analytes. 
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IV. CONCLUSIONS 
 
On the basis of the experimental techniques and the discussion of results in this paper, the 
possible applicability of nanostructured copper (II) oxide films for the methanol and ethanol 
sensing have been demonstrated. The optimum operating temperature for sensing of methanol 
and ethanol in the case of the CuO film is found to be 350 ˚C and 400 ˚C respectively, providing 
better sensitivity and selectivity. The sensitivity is found to be linear for lower concentrations 
and tends to saturate at higher concentrations. In addition to this, it has been concluded that the 
sensing response time also depend on the analyte concentration. This performance study on the 
CuO film will be helpful for the optimization of various important parameters, such as operating 
temperature and response time, leads to full-fledged methanol/ethanol sensor using 
nanostructured CuO as sensing film and might lead to whole new range of sensors using p-type 
semiconducting sensing material. 
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